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We propose and experimentally demonstrate the feasibility of an integrated hybrid optical fiber sensing
interrogation technique that efficiently combines distributed Raman-based temperature sensing with
fiber Bragg grating (FBG)-based dynamic strain measurements. The proposed sensing system is highly
integrated, making use of a common optical source/receiver block and exploiting the advantages of both
(distributed and point) sensing technologies simultaneously. A multimode fiber is used for distributed
temperature sensing, and a pair of FBGs in each discrete sensing point, partially overlapped in the spectral
domain, allows for temperature-independent discrete strain measurements. Experimental results report
a dynamic strain resolution of 7.8 nε∕
p
Hz within a full range of 1700 με and a distributed temperature
resolution of 1°C at 20 km distance with 2.7 m spatial resolution. © 2012 Optical Society of America
OCIS codes: 060.2370, 190.5650, 060.3735, 280.4788.
1. Introduction
During the past decade, fiber-optic sensors have
emerged as a promising industrial technology with
respect to conventional electrical sensors due to their
unique advantages such as electromagnetic interfer-
ence immunity, high sensitivity to measurand varia-
tions, and environmental ruggedness as well as the
possibility of integration within smart structures
and materials, allowing their effective use in many
industrial applications [1–3]. In principle, optical fi-
ber sensors can be fundamentally classified into two
categories: distributed and point (or discrete) sensors
[4]. Distributed sensing technology is based on scat-
tering effects [5] such as Raman or Brillouin scatter-
ing, in which the measurand is continuously
monitored along an optical fiber, which acts itself
as the sensing element. The second type of sensors
involves the use of point fiber sensing elements, such
as fiber Bragg gratings (FBGs), in which the mea-
surement takes place at particular spatial location
along the fiber [6]. To overcome the limitations im-
posed by the cost and interrogation complexity of
many point sensors, quasi-distributed sensing can
be implemented based on array of FBGs employing
different multiplexing techniques [7]. Among all
multiplexing methods, time division multiplexing
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(TDM) is one of the most promising techniques
since it makes efficient use of the optical spectrum, al-
lowing for several FBG sensors to be employed in the
same wavelength window and providing at the same
time measurements with a good dynamic range [8].
While Raman-based distributed temperature sen-
sors (RDTSs) constitute to date the most successful
and widely adopted technology for distributed sens-
ing [1,9], allowing for quasi-static measurements
with typical time scales of tens of seconds or few min-
utes, FBG-based sensing is the most commonly em-
ployed technique for point measurements, allowing
for multiplexed discrete sensing with dynamic mea-
surement capabilities up to several kilohertz [6]; the
range of their application fields spans from transpor-
tation to industrial power plants monitoring and oil
and gas leakage detection in wells and pipelines.
In many applications simultaneous dynamic and
distributedmeasurement would be highly desired, as
for example, in petrochemical industrial plant mon-
itoring where a slow temperature profiling through-
out the plant, useful for process control, can be
effectively associated to dynamic strain information
at specific critical points, useful to early detect pos-
sible cracks in pipelines. For such applications, an ef-
ficient sensor system should be devised combining
distributed (static) temperature measurements and
discrete (dynamic) strain sensing, thus providing detec-
tion of anomalous operating conditions (i.e., overheat-
ing, leakages, and fire along a pipeline or within a
plant) and a simultaneous dynamic monitoring of the
structure (i.e., vibrations in proximity of critical loca-
tions such as joints along a pipeline or a plant). It must
be considered that, in most industrial applications,
due to significant thermal inertia of the fiber cabling
(often involving polymer sheaths, rodent protection,
and external armoring in addition to the coated optical
fiber itself), local temperature exhibits significant
variations only on time scales extending over the sec-
ond scale (often being as slow as many tens of seconds
at least). To this extent, monitoring with Raman dis-
tributed temperature sensingwith a temporal response
of a few seconds would provide a calibration on local
temperature that can be effectively used to accurately
monitor the dynamic FBG strain measurement.
Both RDTSs and FBG-based sensing provide
stable and reliable measurements when exploited
in time domain, and therefore, they can be good can-
didates to be integrated in a hybrid sensor that uti-
lizes all functionalities of both sensing technologies
simultaneously.
In this paper we propose a highly integrated
hybrid sensing system (patent pending) that effec-
tively combines the advantages of both RDTSs and
TDM-FBG-based dynamic sensing by fully exploiting
their respective specific functionalities.
An integrated sensing unit based on a shared laser
source and receiver block has been developed, allow-
ing for distributed measurements up to 20 km dis-
tance as well as dynamic strain sensing with a
Nyquist limit up to 2.5 kHz.
The proposed technique provides amultifunctional
and cost-effective solution in several industrial sec-
tors such as in transportation, pipelines, and indus-
trial plant monitoring.
2. Theory: Integrated Sensing Approach
In conventional RDTS systems, optical pulses are
launched into a sensing fiber so that, using optical
time-domain reflectometry (OTDR) techniques [10],
the spontaneous Raman scattering (SpRS) light that
is backscattered along the fiber is measured as a
function of the distance. The forward-propagating
light pulse generates two SpRS components: the
so-called Stokes and anti-Stokes lights. Although
only the intensity of the anti-Stokes SpRS compo-
nent strongly depends on the fiber temperature,
a normalization with a temperature-independent
OTDR trace, such as the Stokes SpRS or Rayleigh
component, must be carried out to distinguish real
temperature changes from local fiber loss variations
[10,11]. In our implemented RDTS system, trace nor-
malization has been carried out by using Stokes
light; in such schemes the anti-Stokes over Stokes in-
tensity ratio is employed, providing a temperature
sensitivity that can be expressed as
Rz; T  C ·

λS
λAS

4
exp

−
hΔν
kTz

; (1)
where Tz is the fiber temperature, C is a constant
dependent on fiber differential loss and receiver con-
ditions, λS and λAS are the Stokes and anti-Stokes
wavelengths, respectively, h is the Planck constant,
Δν is the frequency separation, and k is the
Boltzmann constant.
The absolute temperature profile Tz is found
through a reference temperature profile T0z ob-
tained from an initial calibration procedure involv-
ing an off-field calibration of fiber response at known
temperature conditions and a subsequent infield
calibration requiring external measurement of tem-
perature only at some fixed points (typically two
points) to apply suitable corrections on fiber response
impacting the ratio that might arise during deploy-
ment (mainly impacting slope of reference ratio). The
absolute temperature is then found using the follow-
ing equation:
Tz−1  T0z−1 −
k
hΔν ln

Rz; T
Rz; T0

: (2)
Equation (2) provides a Tz profile that is highly
robust with respect to variations in optoelectronic
parameters of the receiver stage, fiber conditions,
and losses as well as laser power fluctuations.
On the other hand, FBGs are point fiber sensors
acting as band-reflect optical filters; the reflection
bandwidth, centered at the Bragg wavelength λB, due
to changes in the effective index and grating pitch
linked to strain and temperature, exhibits a linear
dependence on temperature (ΔT) and strain varia-
tions (Δε) [12], according to the formula:
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ΔλB  λBα ςΔT  1 − pεΔε: (3)
In Eq. (3), ΔλB is the variation of Bragg wave-
length, α and ς are the thermal expansion and
thermo-optic coefficients, respectively, and pε is the
effective photoelastic constant of the fiber material.
The integrated hybrid sensing approach that is
proposed in this paper makes use of a single pulsed
laser that is simultaneously employed for both dis-
tributed Raman sensing and point dynamic FBG in-
terrogation. In particular the system requires the
use of two optical fibers (possibly within the same du-
plex cable): a graded-index multimode fiber (MMF)
for Raman-based temperature measurements, and
a single-mode fiber (SMF) for FBG-based sensing.
Even though a unique SMF could be used for both
distributed and discrete sensing, the larger effective
area of MMFs allows higher peak power to be
launched into the fiber before the onset of nonlinea-
rities, increasing both the Raman backscattered
power and the signal-to-noise ratio (SNR) at the
receiver. This feature greatly enhances the RDTS
sensing capabilities, resulting in a more suitable so-
lution for high-performance, long-range distributed
temperature measurements.
In addition, the proposed method employs a time-
domain approach for interrogating a pair of FBGs,
which are placed close to each other in cascade along
the same SMF at each discrete sensing point. The
performance of the multiplexed discrete sensor in
terms of maximum acceptable cross-talk level, sen-
sor resolution, and measurement range are mainly
dictated by FBG reflectivity, FBG bandwidth, and
number of discrete sensing points [8]. Regarding this,
the value of FBG reflectivity involves a trade-off
between sensor point number and performance,
since, while low-reflectivity FBGs results in lower
backreflected power levels and then lower SNR
levels, employing high-reflectivity FBGs (especially
when many sensing points are needed) can induce
significant penalties arising from multiple FBG re-
flection effects, thus hindering the sensor perfor-
mance. In our experiment scheme, thanks to a
high-sensitivity receiver simultaneously employed
in low-power photodetection for a RDTS, we could
ensure adequate SNR levels and sensor perfor-
mance in terms, e.g., of strain resolution even with
low-reflectivity FBGs. Thus, by employing low-
reflectivity FBGs and high input power from a
rare-earth-doped pulsed laser source, a dense array
of many serial discrete sensing points can be placed
along the fiber.
The basic principle of the FBG interrogation tech-
nique is illustrated in Fig. 1. The light from a narrow-
band pulsed laser source (the same source is also
used for distributed Raman sensing) is employed
to interrogate, at each sensing point, a pair of low-
reflectivity Gaussian-apodized FBGs whose reflec-
tion spectra have to be symmetrically shifted with
respect to the central wavelength of the laser source.
Both FBGs at each specific sensing point should be
closely spaced and spatially separated by a fewmeter
fiber spool within a small form-factor packaged coil-
ing in order for them to be subjected to the same tem-
perature. Only one FBG of the FBG pair should be
attached to the structure of interest [the so-called
sensing FBG (S-FBG)] and therefore made sensitive
to both strain and temperature simultaneously. The
other grating, named reference FBG (R-FBG), should
be loose and subjected to temperature only, allowing
for a strain-independent reference to compensate for
optical power variations resulting from changes in lo-
cal losses or from laser power fluctuations. Since the
employed FBG interrogation technique uses the dis-
crete sensors as linear filter to translate wavelength
shift into amplitude variations, the maximum effec-
tive measurement range for point temperature and
strain depends on both the spectral separation be-
tween the central wavelengths of the FBG pair
and the FBG bandwidth. To take into account the
Gaussian shape of the FBG reflectivity spectrum,
we have defined a temperature- and strain-dependent
interrogation function ρΔλB as the logarithm of the
ratio between the integral of the reflected pulses
from each FBG,
ρΔλB  K × ln
 R
zR-FBGΔz
zR-FBG
IRS-FBGΔλB; ξdξR
zS-FBGΔz
zS-FBG
IRS-FBGΔλB; ξdξ
!
; (4)
where IRS-FBGΔλB; ξ is the intensity of the back-
reflected pulses from FBG pair and depends upon
the Bragg wavelength shiftΔλB, zR-FBG and zS-FBG are
the longitudinal positions of FBGs along the fiber,Δz
is the spatial extent of the FBG response for given
pulse conditions in the RDTS pump, and K is a cor-
rection factor that allows for sensor calibration and
takes into account any static variation of ΔλB affect-
ing both R-FBG and S-FBG simultaneously.
It is important to notice that, in this configuration,
the impact of strain on the FBG response is different
than the impact of temperature. Actually, small or
moderate changes of temperature are expected to
shift linearly the Gaussian-shaped spectrum of both
FBGs as from Eq. (3); hence, the logarithm of inter-
rogation function in Eq. (4) is expected to exhibit
a linear behavior with temperature. This linear
behavior should only occur within a particular range
of temperature, which depends on the spectral
S-FBG R-FBG
laser
λ
Fig. 1. (Color online) Proposed dynamic strain measurement
technique.
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separation between the central wavelengths of each
FBG. On the other hand, if strain is applied, only the
spectrum of S-FBG is expected to be shifted; in any
case, the value given by Eq. (4) also depends on the
spectral position of both FBGs, which is determined
by the local temperature affecting both FBGs. This
issue leads to a linear strain dependence of the inter-
rogation function with a slightly different slope for
every temperature, as reported by the dashed lines
in Fig. 2, showing the slope dependence of interroga-
tion function versus applied strain for different tem-
perature values. To compensate for such effect and
obtain a reliable point strain measurement at all op-
erating temperatures, a calibration process has been
carried out; in such a process, the temperature-
dependent factor K (with K  1 at room tempera-
ture, 25°C in our case) in Eq. (4) is characterized,
using the information obtained from the RDTS, to
compensate the impact of temperature on the inter-
rogation function. We can observe in Fig. 2 (solid
lines) that the temperature-dependent slope of the
interrogation function can be easily corrected with
a proper characterization of the factor K, leading
to approximately linear traces with similar slopes,
and only affected by an offset at different tempera-
ture. It is worth noticing that, since Raman-based
distributed temperature measurements are carried
out in a (graded-index) MMF, the spatial resolution
of the temperature profile is affected by the pulse
broadening during light propagating resulting from
modal dispersion (increasing along the fiber from
the initial value determined by the pulse duration,
from 1 m at fiber input to about 1.4 m after 20 km
fiber propagation considering the employed standard
graded-index fiber). On the other hand, point dy-
namic strain measurements employ an SMF, and
therefore the impact of chromatic dispersion on the
pulses and the respective reflected light (from the
FBGs) can be considered to be negligible.
3. Experimental Setup
The experimental setup is shown schematically in
Fig. 3. To implement the low-cost integrated hybrid
sensor proposed in this paper, a shared sensor
reading/interrogation unit (within the dashed block
in Fig. 3) has been developed. The sensor interroga-
tion unit exploits a commercial single rare-earth-
doped fiber pulsed laser, centered at 1550.5 nm,
and provides 10 ns pulses with a maximum peak
power of ∼50 Wat a repetition rate of 5 kHz. A couple
of variable optical attenuators (VOAs) are placed be-
fore the fibers to reduce the peak power input level,
thus avoiding the onset of fiber nonlinearities. In ad-
dition, an optical splitter is used to couple the pulsed
light from the sensing unit into both sensing optical
fibers. The routing and filtering stage is composed of
an optical circulator along the SMF branch (em-
ployed for coupling light into the time-multiplexed
FBG pairs and for routing the respective back-
reflected light onto the receiver stage) and a four-port
optical filter (coupling the pulsed pump light into the
MMF used in distributed sensing and extracting the
backscattered Stokes and anti-Stokes components
before the receiver stage).
The integrated receiver block consists of an
amplified photodiode array, which is composed of a
couple of avalanche photodiodes for Stokes and
anti-Stokes light detection and a PIN diode for FBG-
backreflected light detection. In addition, a multi-
channel analog-to-digital converter (ADC) enables
simultaneous acquisition of the analog waveforms
with 1 GS∕s sampling frequency and subsequent
processing by a PC-controlled field programmable
gate array–based board. While the laser pulse width
and the receiver bandwidth up to 125 MHz in prin-
ciple allow for a spatial resolution of 1 m, the max-
imum FBG interrogation rate is limited by the
laser repetition rate (5 kHz imposed by the fiber
length) leading to a maximum FBG dynamic strain
reconstruction down to 2.5 kHz (Nyquist limit).
The output light from the pulsed laser is coupled
into two 20 km fibers (within the same duplex cable),
i.e., an SMF for dynamic strain sensing, and anMMF
for distributed temperature sensing. Along the
MMF branch, the laser light (single-mode pigtail) is
coupled into the filtering block and then into the
MMF by an SMF–MMF fiber-mode coupler to reduce
higher-order mode leakage. Along the SMF branch
for point sensing, we employed an FBG pair with
the two FBGs centered at 1549.35 nm (S-FBG) and
1551.4 nm (R-FBG), and showing the same nominal
peak reflectivity (5%) and bandwidth (2.5 nm). This
allows for an expected full-scale temperature mea-
surement range of 170°C (when no strain is applied)
and a strain measurement range of ∼1700 με (at
room temperature) [13]. In case of simultaneous
strain and temperature measurements, the total
measurement range for both temperature and strain
is reduced so that for instance, to realize the strain
sensing up to 800 με, the temperature range results
to be from −15°C to 65°C. Both gratings have
been placed at 15.2 km distance and have been spa-
tially separated by 2.5 m coiled SMF (small form
factor).
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Fig. 2. (Color online) Characterization of interrogation function ρ
versus applied strain ε − ε0 at different temperatures (dashed line,
before slope correction; solid line, after slope correction).
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4. Results
To analyze and validate the capability of our
approach to discriminate temperature and strain,
we placed 200 m of MMF and both FBGs inside a
temperature-controlled chamber (TCC). Strain was
applied only to the S-FBG along the longitudinal
direction using a piezoelectric (PZT)-action system
(the inset in Fig. 3 shows all the components that
have been placed inside the TCC to apply strain
together with temperature variations). The S-FBG
was actually prestrained to apply dynamic strain
effectively and increase the grating compression
sensitivity.
To obtain the temperature dependence of the inter-
rogation function in Eq. (4), both gratings have been
placed into the TCC at a temperature that was var-
ied from 15°C up to 45°C, shifting the reflectivity
spectrum of both S-FBG and R-FBG. Figure 4(a)
shows the time-domain traces of the back-
reflected pulses from both gratings, confirming the
counteracting effect of temperature on each of them.
To further characterize the strain interrogation func-
tion, a static strain (Δε) has also been applied to the
S-FBG by varying the PZT from −44 με up to 44 με
at two different temperatures (25°C and 35°C).
Figure 4(b) shows the time-domain traces at differ-
ent strain and temperature values, pointing out
the significant strain–temperature cross-sensitivity
affecting the measurements.
To compensate for temperature variations and ob-
tain the real dynamic strain, a slope characterization
of the interrogation function versus strain was car-
ried out at different temperatures. The experimental
results reported in Fig. 5 show the temperature de-
pendence of the interrogation function according to
Eq. (4) (withK  1). The figure clearly shows a linear
behavior of the interrogation function against tem-
perature in the presence of a constant applied pre-
strain (ε0) on S-FBG. Simulations have also been
carried out using the spectra of the used FBGs
and their sensitivity on temperature, resulting in
good agreement with the experimental data as
shown in Fig. 5. By analyzing Eq. (4), it is possible
to find out that, when strain has to be measured,
the local temperature introduces an offset in the in-
terrogation function (due to the linear behavior of
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FPGA-based embedded processing Personal computer 
15.2 km SMF 
S-FBG 
200 m MMF 
Isolator 
2.5 m SMF 
Pulsed 
Laser 
VOA 
R-FBG 
4.7 km SMF 
4.5 km MMF 15.1 km MMF 
Isolator 
Temperature-Controlled Chamber 
Photoreceiver
Array 
Multichannel 
ADC 
Acquisition & 
Processing 
Trigger 
Generation 
PZ
T VOA 
Glue 
RDTS Fiber 
Piezo Actuator
S-FBG 
Micro-
positioner 
Optical 
Filter 
Optical 
Splitter 
Mode  
Coupler 
Fig. 3. (Color online) Experimental setup showing the sensor reading unit and the sensing fibers. (Inset) Picture of piezoelectric (PZT)
actuation system used to apply dynamic strain to the S-FBG.
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Fig. 5) but also changes the slope of the characteriza-
tion versus strain. As explained in Section 2, to
provide a practical and temperature-independent
strain estimation algorithm, the temperature-
dependent factor K in Eq. (4) has been calibrated
so that the strain dependence becomes temperature-
insensitive, with a linear behavior that is character-
ized by the same slope at different temperatures (as
previously explained and shown in Fig. 2). To provide
K factor calibration, the correction factor K has been
obtained as a function of temperature by increasing
the temperature in both gratings and keeping a con-
stant strain; the behavior is reported in Fig. 6(a)
(where the local temperature information has been
obtained by Raman sensing). We also verified that
the correction factor K does not change appreciably
if the initial (residual) strain applied to S-FBG var-
ies, thus allowing for a unique calibration for any in-
itial strain value applied to S-FBG. Figure 6(b) shows
the corrected interrogation function versus strain at
different temperature values, where we can observe
a constant slope of the function for different tempera-
tures. Using such a characterization (i.e., a linear
behavior with constant slope), the temperature-
independent strain value can be easily estimated
once the local temperature information obtained
by Raman sensing is used to compensate for the
temperature-induced offsets shown in Fig. 6(b).
To verify the capabilities of the system to perform
at the same time distributed temperature sensing
and reliable temperature-compensated dynamic
strain measurements, the TCC temperature (affect-
ing both gratings) was varied from 15°C up to 45°C
and a sinusoidal dynamic strain (88 με peak-to-peak
amplitude) was simultaneously applied to S-FBG.
The anti-Stokes and Stokes intensity traces result-
ing from RDTS (using the above-mentioned mea-
surement setup with 100k averages and 30 s
total measurement time) are reported in Figs. 7(a)
and 7(b), respectively (reporting for clarity the time-
domain traces around a 15 km fiber distance where
the TCC is placed).
The RDTS calibration procedure (discussed in
Section 2) has been carried out to take into account
all possible effects impacting on acquired traces, such
as receiver gain, fiber Raman cross section, and
wavelength-dependent and local losses (at the unit
input/output or near fusion splices). Using the
Raman backscattered intensity traces, the distribu-
ted temperature profile has been obtained along
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20 km MMF. Temperature traces at different TCC
temperatures are reported in Fig. 8, clearly showing
the temperature variations and the increased noise
near the far fiber end. The spatial resolution
(10%–90% temperature step response) was esti-
mated to be 2.7 m at the far fiber end, mainly due
to the temporal broadening of pulse and backscat-
tered light components induced by modal dispersion
throughout the 20 km fiber length. The temperature
resolution has been estimated as the standard devia-
tion of noise in the temperature trace, attaining 1°C
resolution at 20 km distance.
Regarding simultaneous strain measurements,
the acquired sinusoidal traces induced by the applied
dynamic strain to S-FBG (sinusoidal waveform,
0.2 kHz) are reported in the graphs of Figs. 9(a)
and 9(c); such graphs report the dynamic strain re-
construction (at 25°C and 45°C), obtained with the
interrogation function described by Eq. (4) and using
the temperature information from the RDTS. As is
evident from the figure, the final reconstructed dy-
namic strain trace shows very good agreement with
the known strain waveform applied to the PZT.More-
over, the dynamic strain acquired with the proposed
technique clearly appears to be independent on
environmental temperature; actually, Fig. 9 re-
ports about two different strain measurements
[Figs. 9(a)–9(d)] obtained with the same strain condi-
tions (same applied strain waveform at PZT) but un-
der different temperature conditions (i.e., TCC
at 25°C for Figs. 9(a) and 9(b), at 45°C for Figs. 9(c)
and 9(d). The fast Fourier transform (FFT) of the
measured strain traces with FBG temperature of
25°C and 45°C is also reported in Figs. 9(b) and 9(d),
respectively. Based on strain measurements, the dy-
namic strain resolution of our system was estimated
to be about 7.8 nε∕Hz1∕2. Harmonic components
are clearly visible in the amplitude spectrum, and
a slight nonlinear behavior of the interrogation tech-
nique can be also observed due to the presence of
(significantly smaller) spurious spectral components
in addition to the fundamental one (the cross talk
from harmonic components is in any case smaller
than −20 dB).
5. Conclusion
In conclusion, we have proposed and implemented a
hybrid sensor scheme, integrating SpRS and FBG-
based discrete sensing employing a single interroga-
tion unit. We have showed that the system is able to
simultaneously perform distributed temperature
evaluation and dynamic discrete strain measure-
ments using an integrated reading unit with shared
source and receiver stages. Experimental results
show a temperature resolution better than 1°C with
2.7 m spatial resolution at a 20 km distance as well
as a dynamic strain resolution of 7.8 nε∕
p
Hz at
0.2 kHz repetition rate (the Nyquist limit for a
20 km long fiber is 2.5 kHz). The proposed technique
provides a high-performance solution for many appli-
cations where both dynamic and distributed mea-
surements are simultaneously required.
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